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In this paper, the diffusion of solutes in natural clay from a concentrated solution consisting primarily of
ammonium, sodium and chloride ions at a pH level of 8 was studied and was based on an existing 20-
year-old landfill. Contaminant transport through clay liners was predicted using transport and reaction
geochemical codes to help explain the experimental data. The model predicted the chloride anion
diffusion and cation exchange processes for three different experiments: (1) small-scale interactions in
compacted clay, (2) 1:1 European Union (EU) Directive demonstration experiments (0.5-m-thick clay
barrier), and (3) analysis of a bore hole with core recovery drilled in an old landfill located above a similar
type of clay as that studied in (1) and (2). Orders of magnitude between 1010 and 109 m2 s1 were used
for the apparent diffusion coefficient to fit the chloride profiles at the different scales; however, at larger
space and time scales, diffusion was retarded due to the presence of more consolidated, non-mechan-
ically disturbed clay materials at large depths in a natural clay-rock emplacement.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
The technical requirements for municipal waste landfills in the
European Union (EU) are given in the Council Directive 1999/31/EC
and decision (2003/33/CE), which established the requirement of
a geological barrier thickness of at least 1 m, with a hydraulic
conductivity of 1$109 m s1. If a geological barrier does not natu-
rally meet the conditions, a geo-synthetic barrier thickness of at
least 0.5 m must be artificially created. Geological barriers are
important because they confine waste and buffer the hazardous
leachates; thus, they are a key factor for upholding the protection
and safety objectives of waste disposal (Bilitewski et al., 1997;
Savage, 1995; Astudillo, 2001).
Natural clay materials have a very low permeability because of
their small pore sizes and complex porous structures. Their high
specific surface areas allow for strong physical and chemical inter-
actions to occur between fluids and dissolved species that are sub-
jected to electrostatic repulsion, sorption and specific cation
exchange reactions, and these interactions are responsible for
retaining leachate components in landfills (Davis and Kent, 1990;
Sposito, 1990; Stumm, 1992; Rowe et al., 1995; Sawney, 1996;: þ34 91 497 49 00.
All rights reserved.Michael et al., 2002). Furthermore, clays impede fluid transport and
retard the migration of solutes, which can be confirmed by corre-
lating the predominance of clay under a landfill vessel with a natural
pollution attenuation; for example, ammonium attenuation as
a functionofdepth illustrates the roleof clays in retardationofcations
(National Groundwater and Contaminated Land Center, 2003).
The objective of our work was to perform a preliminary study of
the transport of contaminants through natural clay material in
municipal solid waste (MSW) landfills. A multi-scale experimental
program was designed to help create the models and to compare
the relevant parameters from the models, such as the diffusion
coefficients, with the field data taken from a 20-year-old municipal
landfill. In this study, the behavior of chloride, ammonium and
sodium ions is discussed.2. Materials and methods
2.1. Materials
Plastic clay from El Papiol (Barcelona, Spain) was selected
because it has previously been used as a landfill liner in this region
(Rogel et al., 2008). El Papiol clay has a heterogeneous mineralogy
that is composed primarily of the main sheet silicates in the clay
0Fig. 1. XRD patterns (l ¼ Cu Ka) of <2 mm size fraction (clay size) of El Papiol clay.
Several characterization treatments were performed (Moore and Reynolds, 1989; Malla
and Douglas, 1987). Numbers are XRD reflection positions in Å (transformed from the
reflection angle (q) by the Bragg law (l ¼ 2d(Å)Sinq). d: structural distance between
parallel layers in the sheet-silicate structure; Glycerol: Glycerol solvated; Glycerol
K/Mg 300: homoionized in Kþ, heated to 300 C and re-hydrated in Mg2þ-homo-
ionized form; 550 C and Air dried: heated or dried in the Mg2þ form.
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rite, kaolinite and smectite. The mineralogy was studied by X-ray
diffraction (XRD) and was analyzed by random powder and
oriented clay fraction (<2 mm) methods. Illite exhibited a 001
reflection at 10 Å and remained unchanged by glycerol solvation.
However, the long d-spacing (14 Å) of the expandable clay (smec-
tite) was modified upon solvation with glycerol (18 Å). The sharp-
ness of the reflection and the collapse of the 14e18 Å structure
under Kþ homoionization at 300 C indicate that smectite is a highly
charged, large-sized beidellite crystal, as shown in Fig. 1 (Malla and
Douglas, 1987). The relatively low specific surface area determined
for this clay (19 m2 g1) is in agreement with the sharpness of the
clay mineral reflections (large-sized crystals imply a small surface
area). Furthermore, the destruction of the 7-Å structure at 550 C
indicates the existence of kaolinite or iron-rich chlorite (Moore and
Reynolds,1989). Non-clayminerals, such as quartz, calcite, feldspars
and iron oxide (hematite), represent approximately 40% of the bulk
material (Table 1). The clay, which had a hydraulic conductivity of
5.2$1010 m s1 for the optimum water content at the maximum
density (10% H2O; 2.0 g cm3 dry density), was tested to satisfy the
technical EU Directive requirements. Also, the total organic carbon
content (TOC) was less than 0.01%.
Table 1 shows themineralogical composition, the distribution of
the exchangeable cations and the major ions extracted in a 1:5Table 1
Mineralogical composition (weight %) and physicalechemical properties of El Papiol clay
Mineralogical composition
Clay minerals Q
T K I S
58 9 33 16 30
Physicalechemical properties
SUP SEC Exchangeable cations
Naþ Kþ
Exp. 19  1 20  2 0.25  0.05 0.3  0.1
Model e e 2.0 0.1
Soluble ions
Naþ Kþ Mg2þ Ca2þ
Exp. 1.56  0.44 0.11  0.01 e 0.69  0.11
Model 20.00 2.43 1.00 0.5
T: Total clay; K: kaolinite; I: Illite; S: Smectite; Q: quartz; Fn, Fk: sodium, potassium fe
measured by the BET N2 adsorption method (m2 g1). S EC: sum of exchangeable cations
capacity (cmol(þ)/Kg). Naþ, Kþ, Mg2þ, Ca2þ, Cl, SO24 and HCO3 : soluble cations (mmol/
(Pakhurst and Appello, 1999) modeling.solid/water ratio. The geochemical code PHREEQC 2.14 was used to
fit the initial pore water of the clay and the initial distribution of the
exchangeable cations. The code was run at fixed pH/Eh conditions,
8.5/pe ¼ 4, in the clay. This pH level was measured at the clay-
leachate interface in both the small- and EU demonstration-scale
experiments. Also, the redox potential remained constant to
prevent the bicarbonate reduction to methane, which occurs at
pe < 5 at a pH level of 8.5.
The initial pore water composition was measured in a 1:5
aqueous extract with El Papiol Clay. A factor of 20 to concentrate the
main ions (Cl, Kþ and Naþ) was calculated by accounting for the
naturally compacted water in saturated clay (0.25 l H2O/kg, satu-
ration at 2.0 g/cm3 dry density), and the aqueous extraction was
obtained in a 1:5 solid to liquid ratio. The alkalinity was related to
the calcite solubility, and the Mg2þ concentration was related to
dolomite solubility. The cation Ca2þ was used to satisfy the charge
balance. Then Naþ was varied to approach the initial cation
exchange equilibrium, and the model also included the main
minerals present in the clay: montmorillonite, illite, quartz, calcite,
dolomite and hematite.
A portion of the calcium and magnesium content was dissolved
from carbonates when the aqueous extraction was performed.
These cations, with a higher electric charge, displace Naþ from the
exchange complex. Thus, the Naþ concentration in the pore water
should be lower than the measured concentration.
2.2. Experiments
2.2.1. Small-scale diffusion experiments
The clay was compacted at its optimum water-saturated
maximum density in a Teflon cylinder cell that had a height of
2.1 cm and a diameter of 7 cm. The cell was confined in a stainless
steel mold, where fluid was forced to flow at either side of the disc
through the Teflon porous membranes (<1 mm thickness under
compaction, one filter at the top of the mold and the other filter at
the bottom). The small thickness and large-sized pores of this
membrane minimized the artifacts introduced in the diffusion
experiments through the use of porous plates in the compacted
clays (González et al., 2009). The fluid at each side was recycled to
configure the pure diffusion experiment. Distilled water (2 L)
flowed through the bottom filter for 2 months in one side. After 2
months, a synthetic leachate was recirculated through the top
porous membrane for another 2 months. Electrical conductivity
was measured on-line in the distilled water deposit. After 2 months
of leachate diffusion, the clay sample was divided into 4-mm
sections to determine the mineralogy and physical-chemical.
Fn Fk Cal Dol Other
1 1 6 2 H, C
CEC
Mg2þ Ca2þ






0.56  0.29 0.19  0.08 e 8.5
12.39 e 0.5 8.5
ldspar; Cal: calcite; Dol. Dolomite; H: Hematite; C: Chlorite. SUP: Specific surface
. Naþ, Kþ, Mg2þ and Ca2þ: exchangeable cations (cmol(þ)/Kg). CEC: Cation exchange
l) in a 1:5 solid/water aqueous extract. Model: initial conditions fitted with PHREEQC
Fig. 2. Detail of “Biofilm” formation and sampling of the column experiments, with
“El Garráf” leachate.
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Table 1. The synthetic leachate (L1 in Table 2, Cuevas et al., 2009)
was a simplified formulation of the landfill leachate obtained from
the El Garráf (Barcelona) Landfill (L2 in Table 2, Cuevas et al., 2009).
The synthetic leachate had a composition of an aged landfill
leachate reacting at themethanogenic stage (Williams,1998; Pivato
and Raga, 2006).
2.2.2. EU Directive (0.5-m-) scaled diffusion experiments
Compacted clay columns with lengths of 0.5 m were packed in
0.25-m diameter, 1-m length methacrylate cells, which resulted in
a dry density of 2.0 g/cm3. Two cells were prepared: (1) one with
distilled water and (2) one with the addition of a landfill leachate
obtained from a collector pipe in the El Garráf (Barcelona) Landfill
(L2 in Table 2). The clay was held in contact with the solutions for
six months. The contact between the clay and the liquid displayed
an altered zone of 2e5 cm that had expanded in relation to the bulk
column. Samples were taken at 2-(M01), 4-(M02) and 6-(M03) cm
depths, measured from the point of liquid contact (Fig. 2). Another
sample was taken from a section at 40e45 cm, measured from the
cell bottomwith an average depth of 10 (M09) cm from the point of
liquid contact. These samples were analyzed to determine their
mineralogy, physicalechemical properties and heavy metal ions. In
addition, the entire columnwas tested every 5 cm for chlorides and
sulfates to study the ionic transport through the clay.
2.2.3. Sampling of a clay bed under an old landfill
A 20-year-old landfill, which lay on El Papiol geological forma-
tion, was drilled up to a 3-m depth from the clay-waste contact. The
claywas located below16mofwaste. The leachate in thewaste-clay
contact was primarily inorganic, with a sodium chloride composi-
tion in the range of 0.4 mol l1 (L3 in Table 2) and a lower organic
content and a lower pH level (7.2) than the El Garráf Landfill.
2.3. Analytical methods
The mineralogy was studied by XRD after dismantling the
experiments or from the samples from the drilled cores. To semi-
quantify the minerals from the bulk sample, the procedure
proposed in the UNE 22-161-92 was used. The specific surface area
was determined by the Brunauer, Emmett and Teller method (BET)
bymultipoint N2 adsorption using aMicromeriticsGEMINI V, after
degassing under a N2 flow for 18 h at 90 C (UNE 22-164/94). For the
surface chemistry analysis, the exchangeable cationswere extracted
from the clay at room temperature as described by Thomas (1982).
The cations were analyzed with the following tools: Naþ and Kþ
using a Buck Scientific PFP-7 flamephotometer; Ca2þ andMg2þ byTable 2
Characteristics of the different leachates used as reference for modelling
calculations.
Synthetic Leachate (L1) El Garraf Leachate (L2) Old Landfill Leachate (L3)
pH 7.78 8.60 7.20
CH3COO 0.10 0.039 0.025
HCO3 0.15 n.d. n.d.
Cl 0.25 0.253 0.400
NHþ4 0.25 0.254 0.025
Naþ 0.25 0.196 0.450
Kþ e 0.059 0.012
Ca2þ e 1.25  104 e
Mg2þ e 0.005 0.012
Cu e 9.45  107 2.36  106
Zn e 4.89  106 4.89  106
Pb e 1.01  106 2.08  106
Cd e < 1.78  107 1.78  107
Fe e 4.83  104 ean ICP-MS (ELAN 6000, PERKIN ELMER); and NHþ4 by ion selective
potentiometry (ORION 9512 Ammonia Gas Sensing Electrode).
The cation exchange capacities (CEC) of the original clays were
determined at room temperature by Naþ homoionization
(NaeCOOeCH31M, pH¼ 8) andMg2þ displacement (MgNO3$5H2O
0.5 M, pH ¼ 5), which was used by Rhoades (1982).
Chloride and sulfate anions were measured by ion chromatog-
raphy (Metrohm 761 Compact IC) in aqueous extracts (1:10 sol-
id:liquid ratio). The suspensionwas soaked for 2 h andwas then left
to settle for 24 h. The supernatant was extracted and filtered. To
determine the heavy-metal ion content in the uppermost zone of
the clay column (EU Directive experiments), the dried clays were
digested in aqua regia (6 ml of HCl and 2 ml of HNO3) inside
a microwave oven (12 min at 1000 W in PFA vials). The drill cores
were treated in the same way. The suspensions were filtered and
analyzed by atomic absorption spectrometry (AAS) (Unicam
Solaar M). The same analysis was also performed in the leachate
collected before the clay columns were sampled.3. Results and discussion
3.1. Small-scale diffusion experiments
A significant diffusion of soluble salts was detected after the
beginning of the synthetic leachate circulation (Fig. 3). A diffusion
reaction model was used to simulate the diffusion of chloride and
the cation exchange processes. The initial conditions for the model
were described for the pore-water calculation in the natural clay
(Table 1). The code PHREEQC (Parkhurst and Appelo, 1999) was
used in the simulation. The simulation was carried out in two steps
during a 2 month duration; first, distilled water was forced to
circulate at the bottom of the cell, and second, the synthetic
leachate circulated at the top. The fluid volumes in the simulation
were 0.125 L for the leachate container, 0.01 L for the pore water
(25% porosity in the clay) and 1 L for the water deposit. A trend line
was obtained to explain the increase of the electrical conductivity
in the water deposit with an apparent diffusion coefficient of
2$109 m2 s1, which is within the order of magnitude of the values
obtained by Barone et al. (1989) (7.5 1010 m2 s1) in similar
experiments performed with a compacted, carbonate-rich, clay-
like soil (51% clay minerals).
In addition to the diffusion of the soluble components in the
solution, other changes were determined for the solutions and the
clay material. The pH level increased from 7.8 to 9.2 in the leachate
deposit, and subtle mineralogical changes were observed in the
clay slice in contact with the leachate port. When upon contact
with the leachate, the amounts of calcite (CaCO3) and dolomite
Table 3
Values of depth (D, m), pH, chloride concentration in fluid and fluid pores (Cl),
exchangeable cations cmol(þ)$Kg1): Naþ, Kþ, Mg2þ and Ca2þ, specific surface (SUP,
m2 g1) and total organic carbon (TOC, C %) in the 0.5 m UE directive experiments
with El Papiol clay. L1: distilled water; L2: landfill leachate.
D pH Cl S EC Naþ Kþ Mgþ2 Caþ2 NHþ4 SUP TOC
L1
Fluid 7.8 0.3
M01 0.01 8.7 2.7 28 0.3 0.6 5.2 22 0.1 21 0.2
M02 0.03 8.7 3.2 31 0.9 1.4 6.7 22 e 19 0.2
M03 0.05 8.7 3.7 33 0.7 1.2 6.5 25 0.1 19 0.2
M09 0.1 8.7 3.5 19 0.5 0.4 4.5 13 e 20 0.2
L2
Fluid 8.2 253.0
M01 0.01 8.8 260.0 31 6.0 5.1 1.7 17 0.8 9 1.5
M02 0.03 9.0 216.0 34 6.1 6.1 4.4 13 4.7 12 1.0
M03 0.05 8.8 19.24 33 3.6 5.2 3.7 12 8.6 15 0.4
M09 0.1 8.7 14.67 40 1.8 2.1 2.9 28 6 16 0.4
Note: Additional information and data can be obtained from the reports summarized
in Rogel et al. (2008).



























Fig. 3. Electrical conductivity (EC) profile in the small cells diffusion experiment (dots)
transformed to chloride concentration (NaCl equivalence using molar electrical
conductance ¼ 125 U1 cm2 mol1). Modeling of chloride concentration with an
apparent diffusion coefficient: 2$109 m2 s1 pHs correspond to the initial and final
pHs front stage 1 to stage 2 of the diffusion experiment.
J. Cuevas et al. / Journal of Environmental Management 95 (2012) S175eS181S178(CaMgCO3) increased and decreased around 1%, respectively. This
result can be explained by the formation of acetate complexes with
calcium (Hatch, 2008) that would maintain the calcium in the
solution which favors the precipitation of calcite. Alternatively, the
precipitation of carbonates can be caused by the fermentation of
acetate, which adds carbonate and increases the pH level
(VanGulck et al., 2003), but the concentration of acetate was not
measured. The physicalechemical properties, namely the CEC and
specific surface area (SUP), did not change, whichmade ammonium
themajor exchangeable cationwith amole fraction greater than 0.8
of the CEC throughout the entire clay disc. In fact, chemical gradi-
ents were not observed inside the clay disc due to the long diffusion
time of the experiment, which allowed the leachate fluid to
equilibrate within the clay.
Fig. 4a shows the constant chloride profile across the thickness
of the clay. The concentration in the clay was lower than predicted
by the diffusion model, which predicted a sharp decrease of chlo-
ride in the leachate. The exclusion of chloride from this smectitic-
rich clay can explain this result (Derrington et al., 2006). However,
the diffusion of chloride into water was properly modeled.
The resulting ammonium concentration in the exchange
complex was set to 2 cmol(þ)/kg by the model (Fig. 4b). This low
value, compared with the experimental value (10 cmol(þ)/kg), was
a result of the significant amount of Ca-montmorillonite (7%) or
dolomite (1%) dissolution needed for the equilibrium calculations
between the clay and the pore water. This calculation cannot beFig. 4. Ions profiles vs. thickness of clay: aavoided in an equilibrium reaction model when the actual miner-
alogy must be considered. Calcium was incorporated into the
exchangeable positions rather than ammonium. To overcome this
problem, kinetic constraints must be used to control the mineral
dissolution. The concentration of sodium was maintained near the
initial values in the clay.3.2. EU Directive diffusion experiment
After six months, the physicalechemical parameters measured
in the clay-leachate contact region from the experiments displayed
strong similarities with those observed in the previous small cells.
The pH value was above 8 in the leachate contact, and calcite also
precipitated in small amounts at depths of 2e4 cm. Despite a high
concentration of ammonium in the El Garráf leachate, this cation
was not significant in the exchange complex of the M01 sample.
This result was detected to a small extent in the small diffusion
experiments and can be related to the formation of the clay-organic
complexes at this contact region. In this region, a critical effect was
observed where the specific surface decreased in the first 4 cm,
which is related to the presence of organic cements (see TOC in
Table 3). This result produces organic and inorganic clog particles
and decreases the available surface area (Cuevas et al., 2009; Islam
and Singhal, 2004; VanGulck and Rowe, 2004).
A diffusive chloride (major anion) front was produced, but its
shape could not be modeled exactly; however, an apparent diffu-
sion coefficient of 5$109m2 s1 (Fig. 5a) resulted in the best profile.) chloride, b) ammonium and sodium.
Fig. 5. Ions profiles vs. depth of UE directive column experiments: a) chloride and sulfate (concentration in pore water, mmol/L), b) ammonium and sodium (concentration in the
exchange complex on a dry solid mass basis, cmol(þ)/kg).
Table 5
Selection of parameters tested in the drill cores form the old landfill with a base clay
similar to El Papiol.
D pH EC Cl NHþ4 Na
þ CEC F Cal Do SUP
1.25 8.6 11.30 201.8 0.38 6.88 18.65 46.7 28.1 0.3 16
3.75 8.7 11.22 150.4 0.36 7.52 14.91 50.4 27.2 0.4 20
6.25 8.6 11.22 158.0 0.58 7.20 13.80 55.1 24.6 0.6 17
8.75 8.6 10.70 116.1 0.57 6.99 20.34 53.4 26.6 0.8 20
17.5 8.7 10.47 126.2 0.66 5.82 18.30 41.9 30.5 1.2 18
65.0 8.9 10.00 124.6 0.41 8.13 21.77 62.2 12.8 3.6 28
J. Cuevas et al. / Journal of Environmental Management 95 (2012) S175eS181 S179This diffusion coefficient was similar to the value from the small-
scale experiments. However, the high content of chloride in the first
10e15 cm should be related to the density change produced by the
overall 5- or 6-cm expansion of the 50-cm column, which affects
the upper part of the column because higher quantities of the
chloride solution are absorbed. The hydraulic conductivities of
1e10$1010 m s1 at the hydraulic gradient equal to 1 should
produce a solute front penetration of less than 3 cm in 10 months,
which means that contaminant penetration in landfills should be
studied where all the transport mechanisms are considered, not
just the permeability.
An important detail in the column, although not modeled, is the
sulfate reduction effect in the first 15 cm of depth (Fig. 5a). This
effect is normally a reaction mediated by bacteria and precedes the
methanogenic stage of the landfill organic matter degradation
(Williams,1998; Brun and Engesgaard, 2002), which establishes the
basic pH level and the predominance of the inorganic ammonium-
sodium chloride leachates. The basic pH levels and the precipitation
of minerals can explain the low mobility of the heavy metal ions
analyzed (Table 4). Heavy metals, such as Cu, Zn and Pb, migrate
less than the soluble species due to the precipitation of carbonates
(Yanful et al., 1988a,b). For example, in the Sarnia Landfill site,
metals have diffused only 20 cm into the clay compared with
130 cm for chloride and sodium (Yanful et al., 1988b).
Themodeling of exchangeable ammonium (Fig. 5b) predicted the
increaseofammoniumtoadepthof4e10cm,buta strongbufferingof
the carbonate equilibrium produced a predominance of calcium and
magnesium at greater depths. This buffering affected the sodium
content in the exchange positions in the entire column because
sodium has less selectivity than both ammonium and divalentTable 4
Heavy metal ions (mg g1) in the clay-liquid contact (M01 samples).
Sample [Zn] [Cd] [Pb] [Cr]
Clay untreated 101.8 1.67 36.2 38.5
L1M01 107.8 1.35 38.6 38.5
L2M01 105.3 0.72 48.9 32.2cations. This case should also be studied in future works with the aid
of a kinetics-based code that controls the mineral dissolution.
3.3. Clay bed under an old landfill
Regarding the pH level, the ammonium depletion at both the
waste contact, the salt gradient and the observed phys-
icalechemical parameters in the landfill clay (Table 5) displayed
obvious similarities with the observed values of these parameters
in the EU Directive 0.5-m experiments and even in the small-scale
cells. However, different values of several parameters, such as the
mineralogy and the specific surface, were observed. This difference
is linked to the existence of an unconsolidated, less clay-rich
material in the upper part of the base landfill clay. In this case, the
upper clay-organic layer was not significant, as all the clays were
less than 0.1% in the TOC.
The migration of sodium and ammonium up to 1.5 m below the
waste occurred in the landfill after 20 years (Table 5). Similar data
were found for Na and K migration in the Sarnia Landfill site after
16 years (Rowe, 1989).115.0 8.7 6.10 50.4 0.24 3.91 25.39 75.5 7.9 3.0 31
155.0 9.2 0.807 6.0 0.10 1.46 22.83 59.9 14.1 5.0 31
225.0 9.2 0.815 2.8 0.13 2.03 24.45 74.3 9.7 3.5 39
D: Depth (cm). EC: electrical conductivity (mS cm1). NHþ4 and Ca
2þ: exchangeable
cations (cmol(þ)$Kg1). CEC: Cation exchange capacity (cmol(þ)$Kg1). F: Total clay
minerals; Cal: Calcite; Dol: Dolomite (%). SUP: Specific surface (m2 g1). The
complete data set obtained in the drilled cores is reported in the final report of the
project: MMA: IþDþi A113/2007/3_02.6. La difusión de contaminantes en las bar-
reras de vertederos urbanos y su evolución en el tiempo. Junio 2010.
Fig. 6. Ions profiles vs. depth of landfill clay: a) chloride (concentration in pore water, mmol/L), b) ammonium and sodium (concentration in the exchange complex on a dry solid
mass basis, cmol(þ)/kg).
J. Cuevas et al. / Journal of Environmental Management 95 (2012) S175eS181S180The modeled chloride diffusion at 20 years introduced a reduc-
tion of one order of magnitude for the apparent diffusion coefficient
(1010 m2 s1, Fig. 6a). For the modeled cations (Fig. 6b), the
diffusion coefficient was more consistent with the same order of
magnitude modeled for the ions in the small cells and the EU
Directive experimental data sets (109 m2 s1). The relatively
higher velocity of the cations at this scale was related to the
different pathways for the cations associated with the interlayer
exchange positions of the smectites (Van Loon et al., 2007). In the
landfill, sodium exchangewas better simulated than the columns of
the EU Directive. The higher concentration of sodium in the landfill
leachate compared with the El Garráf leachate and the lower
concentration of ammonium were responsible for the observed
behavior. However, in addition to the occurrence of pure diffusion,
the distribution of the solutes agreed with the significant miner-
alogical and physical changes in the landfill clay with increasing
depth. The upper zone of the profile (<0.5-m depth) contained less
clay and more carbonates, and the lower part (0.5-m depth) con-
tained a more clay-like, compacted material. Apart from the scale
effect, the natural and non-reworked clay at depths greater than
0.5 m performed better as a true natural barrier for the solutes that
were highly concentrated in the upper part of the clay barrier.4. Conclusions
Solute transport processes through a natural clay barrier were
studied using a multi-scale approach. Conservative anion diffusion
(chloride) was modeled at different scales. An order of magnitude
of 1010e109 m2 s1 for the apparent diffusion coefficient was
used to fit the chloride profiles at the different scales. However, at
larger space and time scales, the transport velocity was retarded
due to the presence of more consolidated, non-mechanically
disturbed clay materials in the natural clay at different depths. The
modeling of the cation transport was studied through cation
exchange distribution variations. The modeling should be com-
plemented using kinetic constraints to control the mineraldissolution. Calcium primarily dissolved from carbonates and sili-
cates to achieve the chemical equilibrium conditions, which
strongly buffered the distribution of the exchangeable cations.
Thus, in most cases, it is difficult to accurately predict the migration
profiles of sodium and ammonium.
The mixing of materials in the landfill base and the artificial
compaction may produce a specific skin under the landfill, where
the solutes are transported or retained. It is important to under-
stand why this occurs for further studies of the clay materials so
that these differences can be included in future models. The next
step in this study is to better model the cation exchange and other
reactions, such as the redox potential, which affects the dissolu-
tion-precipitation of minerals and organic evolution, to test the
behavior of a more extended family of dissolved contaminants,
including heavy metal ions.Acknowledgments
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